One contribution of 9 to a Theo Murphy meeting issue 'Bridging the gap: from massive stars to supernovae' .
The direct identification of core-collapse supernova progenitors To place core-collapse supernovae (SNe) in context with the evolution of massive stars, it is necessary to determine their stellar origins. I describe the direct identification of SN progenitors in existing pre-explosion images, particularly those obtained through serendipitous imaging of nearby galaxies by the Hubble Space Telescope. I comment on specific cases representing the various core-collapse SN types. Establishing the astrometric coincidence of a SN with its putative progenitor is relatively straightforward. One merely needs a comparably high-resolution image of the SN itself and its stellar environment to perform this matching. The interpretation of these results, though, is far more complicated and fraught with larger uncertainties, including assumptions of the distance to and the extinction of the SN, as well as the metallicity of the SN environment. Furthermore, existing theoretical stellar evolutionary tracks exhibit significant variations one from the next. Nonetheless, it appears fairly certain that Type II-P (plateau) SNe arise from massive stars in the red supergiant phase. Many of the known cases are associated with subluminous Type II-P events. The progenitors of Type II-L (linear) SNe are less established. Among the stripped-envelope SNe, there are now a number of examples of cool, but not red, supergiants (presumably in binaries) as Type IIb progenitors. We appear now finally to have an identified progenitor of a Type Ib SN, but no known example yet for a Type Ic. The connection has been made between some Type IIn SNe and progenitor stars in a luminous blue variable phase, but that link is still thin, based on direct identifications. Finally, I also describe the need to revisit the SN site, long after the SN has faded, to confirm the progenitor IIn? [7, 8] 2009hd II-L? [36] . 
1987A
II-P(pec) [10] [11] [12] 2009ip IIn? [38, 39] . luminosity, L bol . The first step is to obtain accurate photometry of the star. For HST images, the state of the industry is to use the package Dolphot [82] . Dolphot has a number of parameters that must be set properly to perform photometry on a crowded extragalactic environment. One can use the recommended values for the parameters as established by HST observing programmes such as ANGST [83] and GHOSTS [84] . It is also advisable first to correct the data for chargetransfer efficiency loss correction (if this has not already been done) and to flag cosmic-ray hits by running the individual frames through AstroDrizzle [85] . One aspect to note is that, often, the image data in the various available bands were not obtained at the same epoch. We can explore the progenitor's variability, but this can also affect construction of its spectral energy distribution (SED). Next, we need a reliable distance to the host galaxy, ideally via the Cepheid variable or the tip of the red giant branch indicator. We need an extinction estimate to the SN, including both the Galactic foreground and internal host galaxy components. Once the star's colour has been established or its SED has been fitted by a model, and T eff therefore has been estimated, then the appropriate bolometric correction must be known (to correct the luminosity in a given band to L bol ). Finally, in order to compare adequately to stellar evolution models, the metallicity at the SN site must be estimated. This is usually accomplished through measurement of the various 'strong-line' indicators, with the oxygen abundance serving as a proxy for metallicity (e.g. [86] ).
There are also a large variety of models to consider, with general agreement and specific disagreement. In figure 1 , we show a comparison of the evolutionary tracks at solar metallicity from various authors [87] [88] [89] [90] [91] for a star with an initial mass M ini = 12 M . One can see that the overall agreement is good, although the terminal age of the main sequence is not always at the same T eff and L bol , nor are the initial and final T eff and L bol of the red supergiant (Hayashi) tracks the same. Differences probably emerge from different initial assumptions, including stellar rotation or no rotation, and the endpoints of nuclear burning in the models: central He ignition (in most models, plus rotation) [90] , central C ignition (rotation) [88] , end of central C burning (rotation) [87, 91] and beginning of Ne burning (no rotation) [89] . Additionally, a relatively unconstrained set of massive binary models exist (e.g. [92, 93] ). We also must keep in mind that stars during the red supergiant (RSG) phase are 'complicated beasts' (see Davies, this issue [94] ). Finally, we should take into account the overall binary fraction as a function of M ini and that the star's mass at explosion may not be the same as its birth mass. Current estimates of, or upper limits on, the luminosities and initial masses of SN progenitors can be found in [66, 67, 95] .
An example of differing interpretation
The next best SN progenitor identification (since SN 1987A) is for the SN II-P 2008bk. An RSG has been identified, based on ground-based data in a number of bands [32, 33] . We know that that star was the progenitor, because it has vanished, leaving behind a detectable light echo [96] . It is evident by looking at images of the SN at late times that, within the seeing disc of the progenitor in the ground-based images [32, 33] , a number of fainter stars were contributing to the overall light and can be removed from the original photometry [97] . A best model fit to the resulting SED for the star [97] implies that it had T eff ≈ 4330 K with total extinction E(B − V) ≈ 0.77 mag. The inference then was that L bol ≈ 10 4.8 L and therefore that M ini ≈ 12.9 M . The high extinction is in line with that found previously [32] , and the warmer RSG T eff is consistent with a proposed revised temperature scale [98] (see also [94] . Furthermore, no significant or strong Na I D absorption is seen in the SN spectra [33] . We have performed a similar treatment, removing the contributions of the stars within the point-spread function (PSF) for the Gemini images that we had originally used. Our resulting SED is relatively poorly fitted by the higher-interstellar-extinction model [97] . Rather than interstellar extinction, one could invoke circumstellar extinction. We have done this, using the routine DUSTY [100] with a subsolar 4330 K input RSG MARCS atmosphere [101] with gravity log g = +0.5 and an excess circumstellar A V = 2.3 mag. This also provides a poor fit to the SED. We continue to find that the SED is best represented by a subsolar RSG atmosphere with T eff = 3500 K and log g = 0.0, experiencing no circumstellar extinction and low interstellar extinction. Comparing with various evolutionary tracks at solar and subsolar metallicity, we continue to find that the SN 2008bk progenitor had M ini ≈ 8-9 M .
The red supergiant progenitors of SNe 2012aw and 2013ej
Two other interesting examples of SN II-P progenitors are for SN 2012aw and SN 2013ej. The host galaxies for these two SNe, Messier 95 and Messier 74, respectively, are nearly at the same distance from us, 10.0 Mpc for M95 [102] and 10.19 Mpc for M74 [103] , making a comparison particularly relevant. The RSG progenitor of the normal SN II-P 2012aw was identified in HST/WFPC2 optical (F555W and F814W) and ground-based VLT, NTT and WHT near-infrared (JHK s ) images [47, 48] . The extinction measured towards the SN can only be a lower limit to that towards the progenitor. Following somewhat different paths, the two studies [47, 48] concluded that it was likely the star had a highly dusty circumstellar environment and therefore had a relatively high L bol and M ini ≈ 17-18 M . Such a mass estimate is very near, if not outright violating, the apparent upper mass limit for SN II-P progenitors [66, 95] . Both teams were subsequently admonished [104] for misappropriating interstellar extinction laws [105] to explain circumstellar extinction, and a significantly lower L bol and M ini were estimated [104] (although, after employing interstellar dust grain compositions to model the circumstellar environment of the star with DUSTY).
We have since attempted to model the SN 2012aw progenitor as a realistic dusty RSG, similar to known stars in the Local Group. We have used DUSTY with an input MARCS atmosphere with T eff = 3500 K and log g = −0.5 and Ossenkopf [106] 'warm' silicate grains, and we find that we still need a dust excess A V ≈ 3.5 mag to fit the observed SED. We did not include the F555W datapoint in the SED, which we argue is at best a minimal detection, at approximately 4σ . However, we have included upper limits on detected flux in various Spitzer bandpasses. We find that the star had to have L bol ≈ 10 5.0 L . We have also modelled the SED using GRAMS [107] , which employs the 2-DUST radiative transfer code [108] , again, with Ossenkopf silicates. Independently, we find that T eff ≈ 3300 K and L bol ≈ 10 5.0 L (again, without including F555W). Finally, we compare the SED for the SN 2012aw progenitor with known RSGs in M33 [109] and find the greatest similarity, particularly at K s , with stars with T eff ≈ 3400-3550 K and L bol ≈ 10 4.7 -10 5.0 L . So, comparing the progenitor's likely locus in the HRD with recent evolutionary tracks (at solar metallicity, with rotation velocity v rot = 0.4v critical [91] ), we estimate that the SN 2012aw progenitor had M ini ≈ 14-16 M . This is consistent with what is inferred for the synthesized O abundance from nebular spectroscopy [110] .
Indications are that SN 2013ej may be more similar to SNe II-L than normal SNe II-P [111] [112] [113] [114] . The RSG progenitor was identified in HST/ACS optical data [50] . Those authors pointed out that the red progenitor is blended with a blue star; the photocentres of the two objects shift slightly spatially, depending on wavelength. This renders the F435W (B) and F555W (I) detections useless. Those authors estimated the progenitor was between 8 and 15.5 M . We also added a groundbased K s detection to the existing F814W measurement, as well as upper limits to detection in the Spitzer bands. Once again, using DUSTY [100] with Ossenkopf silicates [106] , we find that the dust excess from extended circumstellar matter (CSM) around the star is ≈ 2.5 mag and that, with an input T eff = 3500 K, the star had L bol ≈ 10 5.2 L , i.e. a higher luminosity than that of the SN 2012aw progenitor. This is consistent with the fact that the SN 2013ej progenitor is brighter at K s (the band least affected by extinction) than the SN 2012aw progenitor. From the GRAMS fitting to the two SED datapoints, we find that L bol ≈ 10 5.1 L and T eff ≈ 3300 K. Comparison with the known M33 RSGs [109] also indicates that T eff ≈ 3300 K and L bol ≈ 10 5.1 -10 5.2 L . Again, from the MIST tracks [91] we find that the star's initial mass was M ini ≈ 16-18 M . This higher mass is consistent with expectations for a luminous fast-declining SN II-P [112] or an SN II-L with weak CSM interaction [111] , although not with the M ini ≈ 12-15 M estimated from the nebular optical spectrum [115] .
Yellow supergiant progenitors of Type IIb supernovae
We know that the best-studied SN IIb 1993J arose from a K-type supergiant [13] . Another wellstudied example is the progenitor of SN 2011dh [43, 44] . The detailed SED for the star is best fitted by T eff ≈ 6000 K, i.e. warmer than the RSG progenitors of SNe II-P. The star's stripped envelope consisted of 0.1 M of H (surrounding a ≈ 3-5 M He core), but was puffed up to ≈ 200 R [116] . We know that the star vanished in the explosion [117, 118] . The properties of the SN 2011dh progenitor are consistent with the explanation for the light curve properties as the result of an interacting (mass-transfer) binary system, with a ≈ 4 M primary and a ≈ 16 M secondary at the time of explosion [119] . A UV-bright star was detected in HST/WFC3 imaging in 2014 at the exact location of the SN, which was interpreted to be the hot companion, in light of this theoretical modelling [120] . However, the SN is probably still contributing substantially to the light, with the companion probably still to be detected [121] .
Confirmation of a Type Ib supernova progenitor
Cao et al. [51] identified an object in multi-band HST images from 2005 at the position of the SN Ib iPTF13bvn. The brightness and colour of the detected object were initially interpreted as being a single Wolf-Rayet (WR) star [51, 122] . However, it has been shown that the progenitor candidate's actual brightness was somewhat higher [123] [124] [125] , too high for a WR, but more in line with a masstransfer binary system. Additionally, hydrodynamical light curve modelling [126] and models of the nebular spectra [127] pointed to a less massive progenitor in a binary system, rather than a single WR star. The progenitor has been shown to have vanished [124, 125] . However, the SN light was most probably still contributing to the flux seen at the SN position in follow-up HST imaging from 2015. It remains for future reimaging, when presumably the SN has faded below visibility, to establish what was the actual brightness and colour of the progenitor.
Progenitors of Type Ic supernovae remain elusive
The environments of SNe Ic complicate detection of their progenitors. SNe Ic are found, generally, in crowded environments, e.g. very near luminous stellar clusters, or dusty environmentsfrom their light curves it is evident that SNe Ic generally experience reddening of E(B − V) ≥ 0.4 mag [128] -or both. One example is SN Ic 2003jg, for which the lack of progenitor detection is consistent with E(B − V) ≈ 1.32 mag for the SN [67] . Another example is the SN Ic 2013dk, which occurred at the edge of a cluster in the Antennae and also was reddened by E(B − V) ≈ 0.49 mag [77] .
Type IIn supernovae from luminous blue variables?
Much has been made of the connection between some SNe IIn and luminous blue variables (LBVs) as their likely progenitors. What is hard to understand here is that the LBV phase for highly massive stars was thought to be a short-lived transition from the post-main sequence to the WR phase, before explosion. So, for LBVs to be progenitors of SNe, our theoretical understanding of massive stellar evolution must be radically revised (see Smith, this issue [129] ). Much of the fibre for this connection comes from the identification of a highly luminous (M V ≈ −10.3 mag) object at the location of the SN IIn 2005gl in an HST/WFPC2 image at F547M from 1997 [27] . Followup HST imaging in 2007 rather convincingly established that the luminous object had vanished, strongly indicating that it was the progenitor [28] . Such a high luminosity could only be associated with an LBV in outburst. Progenitor mass-loss rates [130] (as well as wind velocities [131] ) inferred from optical spectra and radio/X-ray emission [132] from other SNe IIn also appear to point towards an LBV origin. However, we caution that the SN 2005gl progenitor identification is at the greatest distance to date, 66 Mpc. At this distance a single WFPC2 pixel subtends ≈ 32 pc; even 0.1 pixel is ≈ 3 pc-in populous stellar associations and clusters, many luminous, massive stars can exist over such spatial scales. Furthermore, as previously pointed out, without any colour information, we know quite little about the properties of the identified progenitor, other than that it appeared to have been at a luminosity consistent with a powerful eruption ≈ 8 years prior to explosion.
Look for the binary companion
For the 'stripped-envelope' SNe (SESNe), particularly the SNe Ic, it has been proposed that if it is challenging to identify directly the progenitor object, then potentially the next step is to look for a remaining binary companion, assuming that many SESNe arise from interacting binary systems [67, 133, 134] . It is expected that the surviving companion should be quite hot and UVbright, and be analogous in properties to a main-sequence star. However, various criteria must be met for a companion search to be successful: (i) the SN must be old enough that it has faded below detectability, especially in the UV; (ii) it must have been clearly detected in previous highspatial-resolution imaging (ideally with HST, to facilitate relative astrometry); (iii) it must have experienced low reddening (to maximize the detected UV light); (iv) it should have occurred in a relatively uncrowded field; and (v) the host galaxy should be relatively nearby and at a low inclination (the latter two criteria minimize confusion and possible projection effects). This is a very short list of possible SN sites to examine.
One such possible surviving companion is for the SN IIb 1993J. A spectrum obtained nearly a decade after explosion showed the signature of a B-type supergiant being present at the SN site [135] . The SN was observed nearly two decades after explosion with the HST in the UV, using the WFC3 and COS instruments [136] . It is clear that the old SN is still contributing to the UV light in the COS spectrum. However, additional flux is required from other sources. We can accumulate the light of all of the other UV-bright stars nearest the SN and within the COS aperture. That is still not enough to account for the spectrum. We also had to include light from a B2-type supergiant (with M V ≈ −5.3 mag) to provide a reasonable representation of the (noisy) UV spectrum. Whether this supergiant, characterized in both 2004 and 2014, is the surviving companion to the SN 1993J progenitor remains to be seen. We note that the PSF of the SN in the WFC3 UV images is somewhat elongated, possibly indicating that the SN is blended with another UV-bright object. Alternatively, an unrelated blue supergiant could be nearly coincident with the SN. SN 1993J should be monitored, semi-continuously, in the UV; however, the health of the UV instruments onboard the HST could well affect such an effort.
(a) A search for the SN 1994I progenitor companion
We attempted to detect a hot companion to the progenitor of the SN Ic 1994I [137] through revisiting the site with HST WFC3 at F275W (NUV) and F336W (U). This case met many of the above criteria quite well, with the possible exception of reddening (which, as we have pointed out, is often high for SNe Ic). We note that SN 1994I was not a typical SN Ic [138, 139] . A poorly constraining upper limit had been achieved for detecting the progenitor itself in prerefurbishment HST WFPC-1 data (table 2). SN 1994I had long been thought to have had its origin in an interacting binary system [140] . The result of our imaging 20 years after explosion was a non-detection. However, we could establish that a main-sequence-like star hotter than the B2 type should have been detected. Comparing this upper limit to stellar evolutionary tracks indicates that a surviving companion would have a mass 10 M . We performed binary population synthesis to produce realistic 'SN 1994I-like' progenitor systems, 99% of which would have a main-sequence-like companion. Although we could not rule out systems with long orbital periods (P 1000 d), with extreme mass ratios (q 0.4) and with relatively lowmass companions (M comp 4 M ), the most probable scenario consisted of moderate-period (≈ 30-1000 d), comparable mass ratio (q 0.4) systems with M comp ≈ 5-12 M . That the upper end of this mass range is comparable to the upper mass limit we established from our new observations is frustrating. However, to have sampled this mass range more deeply would have required many, many more HST orbits. 
Conclusion
As previously pointed out, we are now quite confident that SNe II-P arise from (single) massive RSGs. We have at least one example (SN 2013ej) of a possible SN II-L which may have resulted from the explosion of a more massive RSG. Whether this trend continues requires detecting the progenitors of other SNe II-L. In fact, the supposed 'red supergiant problem' [64, 100] for SNe II-P needs many more cases of RSG progenitors of whatever initial mass to determine if it is indeed an issue. We really still have been dealing with relatively small-number statistics. At least some SNe IIb emerge from warmer supergiants that are more 'yellow' than red (although, see the case of the 'compact' SN IIb 2008ax [31, 141] ). A He star progenitor has been confirmed for one SN Ib (iPTF13bvn) so far, with still no detection yet of an SN Ic progenitor. The SN IIn/LBV connection, at least in our opinion, remains razor thin. We have attempted various searches for the surviving companion of the progenitor system responsible for several SESNe. The results are by-and-large non-detections. However, in the cases of three SNe IIb, 1993J, 2011dh and 2001ig, a UV-bright object is found years later at the SN site. It remains to be seen whether in all three examples the excess late-time UV light is, at least partially, actually due to the old SN. We clearly need many more direct progenitor detections for all SN types.
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